ZSM-5 supported Mo catalysts for the dehydroaromatization reaction of methane were characterized by Mo K-edge EXAFS, NH3-TPD, and XPS techniques. Mo/ZSM-5 catalysts showed the maximum activity for benzene formation at 5 wt% Mo. The activity of the catalysts was related to the particle size of Mo2C supported on ZSM-5 estimated by Mo K-edge EXAFS. The addition of a second metal did not increase the activity for benzene formation. These results are ascribed to the weakening of the interaction between the acid sites of ZSM-5 and Mo oxide precursors due to competitive consumption of zeolite protons by added metal atoms, resulting in the formation of less dispersed Mo carbide particles and the decreased number of acid sites.
Introduction
Efficient use of natural gas resources is essential to solve future energy and environmental problems. Effective and inexpensive utilization of methane has been extensively explored based on steam reforming, oxidative-coupling, partial oxidation and other methods. In particular, direct catalytic conversion of methane to higher hydrocarbons and aromatics has received extensive attention 1) 9) since Mo/H-ZSM-5 catalysts were reported to catalyse this reaction 1) . Characteriz ations of the catalysts by XPS (X-ray photoelectron spectroscopy) 3) 5), 10) , XAFS (X-ray absorption fine structure) 11) 13) , FT-IR (Fourier transform infrared spectroscopy) 5), 12) , NH3-TPD (temperature programmed desorption) 14) , ISS (ion scattering spectroscopy) 5) and XRD (X-ray diffraction) 10) carried out to reveal the chemical state of the active phases and to study the reaction mechanism have demonstrated the bifunctional nature of catalysis over Mo carbide particles and acidic sites on H-ZSM-5 10), 13) . Recently, the activity and stability of Mo/H-ZSM-5 were found to be significantly increased by the addition of small amounts of CO or CO2 in the CH4 feed 15) . Furthermore, Fe and Co had promotional effects on the catalytic properties of Mo/ H-ZSM-5 under the conditions of CO or CO2/CH4 re-sulting in increased methane conversion, greater selectivity for benzene and reduced coke formation 16) .
The present study examined the effects of Mo content and metal oxide addition to Mo/H-ZSM-5 catalysts for the dehydroaromatization of CH4 on the catalytic properties, dispersion of Mo carbides and acidity by XAFS, XPS and NH3-TPD. Addition of the secondary elements was found to reduce the aromatization of CH4 to benzene in the absence of CO or CO2 in the feed. The reasons for the negative effect of the second metal addition may be useful for improving the preparation method of the catalyst.
Experimental

1. Catalyst Preparation
Mo/ZSM-5 catalysts were prepared by an impregnation method using aqueous solutions of (NH4)6Mo7O24 and H-ZSM-5 (JRC-Z5-90H(1), SiO2/Al2O3 molar ratio of 90, provided by the Catalysis Society of Japan as a Reference Catalyst). The Mo loading ranged from 1 to 15 wt% Mo. The sample was calcined in air at 673 K for 2 h and then 973 K for 0.5 h, after drying at 383 K for 16 h. Mo _ M/H-ZSM-5 (M = Cr, Fe, Co, Ga and In) catalysts containing 5 or 10 wt% Mo and 0.5-5 wt% M were prepared by the simultaneous impregnation technique using (NH4)6Mo7O24 and nitrate of M. The sample was carbided in an H2/CH4 (8/2, 100 cm 3 min −1 ) fl ow at 973 K for 2 h.
Catalytic Reaction
The aromatization of methane was performed using a fi xed bed fl ow reaction system at 973 K and 1 atm. A mixed gas CH4/N2 (10/2.5 cm 3 min −1 ) was fed to the in-situ carbided Mo/H-ZSM-5 (0.1 g) as a reaction gas using a mass fl ow controller (Kofl oc 3600). The reactants and products were analyzed by on-line gas chromatography. The activity of aromatization of methane was evaluated by the rate of benzene formation.
3. Characterization
Mo K-edge XAFS spectra for Mo/H-ZSM-5 and Mo _ M/H-ZSM-5 were measured at BL01B1 using a SPring-8 in transmission mode. The synchrotron radiation was monochromatized by a Si(311) monochromator. The incident and transmitted X-ray intensities were detected by ion chambers. The carbided sample was evacuated at 673 K for 1 h and pressed into a selfsupporting disk in air just before the measurement. The EXAFS data were analyzed using the Rigaku EXAFS (REX) software. The analysis involved preedge extrapolation and background removal by a cubic smoothing method to obtain EXAFS oscillations, which were Fourier transformed from k-space to R-space. The EXAFS parameters for the curve fi ttings were extracted using polycrystalline Mo2C (Soekawa Chemicals) as a reference compound for the Mo _ Mo contribution.
Temperature programmed desorption of NH3 (NH3-TPD) was carried out in a fl ow reactor. Ammonia was adsorbed at 373 K by a pulse technique (5% NH3/He) on the oxide sample pretreated at 673 K for 1 h in a He stream. After saturation of NH3 adsorption, the temperature was raised at 10 K/min in a He stream. The effluent gas was analyzed with a Q-MASS (ULVAC RG-201). The signal m/e = 16 was used for the detection of NH3. The XP spectra of the Mo/H-ZSM-5 catalysts were measured with a Shimadzu ESCA750 spectrometer using Mg Kα1,2 radiation (1253.6 eV).
Results and Discussion
1. Dependence of the Catalytic Activity and
Structure on Mo Loading Figure 1 shows the rate of formation of benzene in the methane aromatization reaction catalyzed by Mo/ H-ZSM-5. The products of the reaction were benzene, toluene, ethane, and ethylene, and the selectivity of the catalysts for the formation of benzene was about 85-70% of the hydrocarbon products. The activity of the catalysts decreased with reaction time. The initial activity for benzene formation was increased with higher Mo loading below 5 wt% Mo and the maximum activity was attained at 5 wt% Mo. However, the activity abruptly decreased above 7 wt% Mo and deactivation of the catalyst was also very signifi cant. These results suggest that the properties of the active sites of the catalyst change at 5 wt% Mo.
To clarify the structure of the Mo/ZSM-5 catalysts, the Mo K-edge XAFS was measured. The Fourier transforms of the Mo K-edge EXAFS oscillations of the carbided Mo/ZSM-5 catalysts and Mo2C are shown in Fig. 2(A) , and the Fourier transforms of Mo K-edge EXAFS oscillations of reference compounds (Mo foil, MoO3, and Mo2C) in Fig. 2(B) . A sharp single peak was observed around 0.26 nm (phase shift: uncorrected) for the 10 wt% Mo catalyst and the spectral features are very close to those for Mo2C. A smaller peak was also observed around 0.15 nm in the FT. The contributions at 0.15 and 0.26 nm (phase shift: uncorrected) were assigned to the Mo _ C and Mo _ Mo shells of Mo2C, respectively, on the basis of the bond distances (Mo _ C: 0.210 nm and Mo _ Mo: 0.293 nm in bulk Mo2C). The Mo _ Mo distance of Mo oxide is distinctly different from that of Mo carbide (Mo _ Mo: 0.32 nm in bulk MoO3). In 10% Mo/H-ZSM-5, the FT peak intensity due to the Mo _ Mo shell was apparently smaller than that of crystalline Mo2C. These results indicate the formation of highly dispersed Mo2C on H-ZSM-5, in agreement with previous findings 11) 13) . Comparing the FT of 5 wt% Mo/H-ZSM-5 with that of 10 wt% Mo, the intensity of the peak assigned to the Mo _ Mo contribution was much smaller for the 5 wt% catalyst than that for the 10 wt% catalyst, showing better dispersion of Mo2C in the 5 wt% Mo/H-ZSM-5.
The structural parameters of carbided Mo/H-ZSM-5 are summarized in Table 1 . The Mo _ Mo bond distance and coordination number clearly show that Mo2C particles were formed after the CH4-treatment of MoO3/ H-ZSM-5 at 973 K and that the size of Mo2C particles on the 5 wt% Mo catalyst was smaller than that formed on the 10 wt% Mo catalyst. This fi nding may be related to the maximum activity of Mo/H-ZSM-5 at 5 wt% Mo. 1 also shows the average particle size of Mo2C estimated from the Mo _ Mo coordination number obtained from EXAFS analysis using the correlation between the particle size and M _ M coordination number for metal particles 17) . The Mo carbide clusters (0.5 nm) were possibly supported in the pores of ZSM-5 (ca. 0.5 nm) in the 5 wt% Mo/ZSM-5 catalyst. With the other catalysts, particle size was more than 0.6 nm indicating sintering on the external surface of the ZSM-5. Figure 3 shows the NH3-TPD profi les of H-ZSM-5 and Mo/ZSM-5 oxide catalysts before CH4 treatment to investigate the acidity of the catalysts and the interaction between Mo oxides and the support H-ZSM-5. The TPD profile of H-ZSM-5 without Mo loading showed two peaks at 460 K and 680 K as previously observed 18), 19) . These peaks are assigned to NH3 hydrogen bonded to NH4 + adsorbed on acid sites, and NH3 chemisorbed on Brønsted acid sites of H-ZSM-5 to form NH4 + , respectively. The former NH3 desorption is secondary. Therefore, these do not need to be considered as catalytic sites. The intensity of the peak assigned to the Brønsted acid sites was significantly reduced by the addition of 3 wt% Mo and decreased with increasing Mo loading. These observations indicate an interaction between the acid sites of the zeolite and the supported Mo oxide particles. FT-IR of Mo/ H-ZSM-5 showed the number of OH groups was decreased by supporting Mo on H-ZSM-5 20) . Figure 4 shows the relationship between the loading of Mo and the Mo/Si atomic ratio of the catalyst surface before and after carburization treatment as obtained by ex-situ XPS measurements. The Mo/Si atomic ratio was calculated using the XPS peak intensities of The Mo/Si atomic ratio of the oxide precursor was not changed by carburization below 3 wt% Mo as shown in Fig. 4 . However, the Mo/Si ratio leveled off at 5 wt% Mo, and increased again above 5 wt% Mo.
The Mo/Si atomic ratio in Fig. 4 22) 24) suggests that at 5 wt% Mo, the particle size of Mo carbide clusters grows up to 0.5 nm (Table 1) in the pores of ZSM-5, whereas above 5 wt% Mo, a signifi cant part of the Mo atoms in the catalyst diffuses to the external surface of the ZSM-5 particles and aggregates there to form large Mo2C particles during the carburization treatment, in agreement with the EXAFS results in Table 1 , leading to decreased catalytic activity at 10 wt% Mo. This explanation is supported by the finding that the particle size of Mo carbide cluster is almost the same as the pore diameter of ZSM-5 (ca. 0.5 nm) in the 5 wt% Mo catalyst. Therefore, a high loading of Mo (>5 wt%) leads to the formation of excess Mo oxides that cannot interact with the acid sites of the zeolite.
2. Effects of the Addition of Metal to the Catalyst
Cr was added to the Mo/H-ZSM-5 catalyst as a secondary element with the expectation of improvements in the activation of hydrogen and consequently higher catalytic activity. Figure 5 shows the rate of benzene formation in the methane aromatization reaction on Mo/ ZSM-5 and Cr-added Mo/H-ZSM-5 (5 wt% Mo). Unfortunately, the activity was decreased by the loading of Cr. The Fourier transforms of Mo K-edge EXAFS oscillations of the carbided Mo/ZSM-5 and Cr _ Mo/ ZSM-5 catalysts are shown in Fig. 6 . The peak intensity assigned to the Mo _ Mo shell due to Mo2C increased with higher Cr loading. The coordination numbers of the Mo _ Mo contribution are summarized in Table 1 . These results clearly indicate that addition of Cr resulted in greater particle size of Mo2C on ZSM-5. Figure 7 shows the NH3-TPD profi les of Mo/ ZSM-5 and Mo _ Cr/ZSM-5 catalysts to clarify the change in acid property. The NH3-TPD profiles were not Table 1 . Decreased activity and increased particle size of Mo2C were found in all the catalysts. In the present study, the second component was added using a simultaneous impregnation method. Double impregnation would be beneficial to add the metal to Mo/H-ZSM-5, since Mo _ O _ zeolite bonds are already formed in Mo/ H-ZSM-5.
Based on these results for the methane aromatization reaction on Mo/H-ZSM-5, we propose the surface model for the Mo/ZSM-5 and Mo _ M/ZSM-5 catalysts in as the parent catalyst of Co and Fe added catalyst, which is a lower loading than that employed in the present study (5 or 10 wt% of Mo). Therefore, the ratio of metal to acid sites infl uences the particle size of the Mo carbide clusters. 
